1.
Introduction:
Denture stomatitis is a condition where there is a painless inflammation and erythema of denturebearing mucosa and the reported prevalence is 11-67% of complete denture wearers. Denture stomatitis is the most common oral manifestation of oral candidiasis. [1] [2] [3] It is usually symptomless, but a few patients may complain of a burning sensation, bleeding of the mucosa, dryness, halitosis, and frequently associated with angular cheilitis. 1, 3, 4 The cause of denture stomatitis is multifactorial that include denture trauma, denture cleanliness, dietary factors, allergy, candidal infection, systemic factors, and miscellaneous factors. 3 C. albicans is believed to be the primary microbial etiologic factor, but other yeast species such as Candida glabrata and Candida tropicalis have been found in patients with denture stomatitis. [1] [2] [3] Smoking, systemic diseases, poor oral hygiene, age, and lack of dexterity are known as predisposing factors that result in the accumulation of plaque on dentures. 3, 6 Adherence to surface irregularities of the denture material is the mechanism that Candida species use to colonize denture surfaces and form biofilm. The denture biofilm consists mostly of Gram-positive bacteria, Lactobacillus, and C. albicans.
Exchanging molecular signals or using their own metabolic products are the mechanisms typically used by microorganisms to interact in the oral cavity. 3, 4, 6 Candidal adherence to denture material increases when there is an increase in surface hydrophobicity. 7, 8 The use of tobacco has shown a significant effect on oral and systemic health. All forms of tobacco increase periodontal diseases, implant failures, peri-implant diseases, soft tissue changes, caries, tooth loss, and oropharyngeal cancer. [9] [10] [11] [12] [13] [14] Nicotine, an alkaloid that is the main active ingredient in tobacco is present in cigarettes (1 mg/cigarette 10 ) , and has an effect on oral microorganisms including C. albicans and S. mutans. 15, 16 Studies in our laboratory indicate that nicotine upregulates certain S. mutans cell surface receptors that may be responsible for coaggregation with C. albicans. These studies indicated a positive relationship between nicotine concentration and an increase in biofilm formation and metabolic activity of S. mutans and the occurrence of C. albicans in the oral cavity. 15, 16 Over the last 30 years, fungal infections have become a major problem among immunosuppressed and otherwise medically compromised patients. Diseases of fungal origin can vary from a superficial mucosal lesion to a life-threating systemic form. The pathogenesis of the infection involves host-factors and yeast. [17] [18] [19] Coaggregation is a protective mechanism where genetically distinct microorganisms can adhere to each other in suspension and autoaggregation is described as the same process in 5 genetically identical microbial cells. 26 Coaggregation can be detected as clumps of different types of microorganisms when mixed together. A complex biofilm will develop when structural and metabolic codependence occurs between the microorganisms in candidal infections and dental plaque. 27 C. albicans has the demonstrated ability to adhere and colonize denture surfaces in coaggregation with S. mutans. 7, 28 However, there are no reports of the effect of nicotine on coaggregation of these two species.
S. mutans is a gram-positive, facultative anaerobic coccus that occupies hard surfaces in the oral cavity and plays a major role in dental plaque formation. 29 It is cariogenic and grows at temperatures between 18-40 o C. The metabolic system of S. mutans produces an acidic environment in the oral cavity that can exceed the buffering capacity of saliva leading to changes in the mineral layer of the outer enamel surfaces. 29, 30 S. mutans has been shown to induce the adherence of microorganisms such as C. albicans to both dental and acrylic surfaces. 7 This study suggests that there may be symbiosis between the organisms when S. mutans are cultivated with C. albicans. Protein-carbohydrate interactions are typically involved in the process of coaggregation of microorganisms. 1, 7 Blastopores are the most common type of yeast-like form of C. albicans when associated with S. mutans. 7 Previous studies demonstrated that there is an increase in the growth of S. mutans and C.
albicans when the two microorganisms were grown separately in different concentrations of nicotine. 15, 16 In addition, other studies indicated that nicotine stimulates synthesis of S. mutans GtfB exoenzyme, which binds tightly to C. albicans yeast cell surfaces leading to more coaggregation between the two microorganisms. 31 The purpose of this study was to examine the effect of different physiologically-relevant nicotine concentrations on the coaggregation of C.
albicans and S. mutans over time when compared to the 0 nicotine control group. Both microorganisms were grown separately for 24 h in dilutions of nicotine (0-32 mg/ml) made in 40 ml of TSB or TSBS (S. mutans) or YPD (C. albicans). The cells were washed in sterile saline three times by centrifugation at 3,000 g for 10 min. Cell pellets of both microorganisms were resuspended in sterile saline, killed with 1% formaldehyde and the OD600 nm was adjusted to 1.0 (working stock concentration) using a spectrophotometer. Because formaldehyde treatment may affect coaggregation, fresh live washed nicotine-treated cultures were also examined in a preliminary experiment. Working stocks of each cell preparation were prepared and used to determine the aggregation properties of the bacterial coaggregation. Visual aggregation assays (naked eye and microscopic) were used as qualitative analyses of coaggregation. A spectrophotometric assay was used to quantitatively determine coaggregation. 32 All assays were conducted at least three times with triplicate samples for each group/experiment.
Visual Aggregation Assay: Three 1 ml replicates of the working stock suspensions of both organisms were transferred to a 15 ml glass test tube, mixed together and examined for aggregation Visual aggregation was summarized using counts and percentages in contingency tables. The effects of nicotine concentration, incubation time, and growth media on visual aggregation were analyzed using cumulative logistic regression models for ordered categorical responses.
Microscopic aggregation was summarized using the mean, standard deviation, standard error, and range of the number of each cell type bound together. The effects of nicotine concentration, incubation time, and growth media on microscopic aggregation were analyzed using a three-way ANOVA with a random effect for experiment. Spectrophotometric aggregation was summarized using the mean, standard deviation, standard error, and range of aggregation absorbance. The
Results:
Visual aggregation assay: There were no differences between live and dead cells in the degree of coaggregation in each of the assays used in this study. Most samples demonstrated an increase in the visual aggregation assay in TSBS (Fig. 1A) and TSB (Fig. 1B) with time. Nicotine at 4 mg/ml provided a significant increase in coaggregation when S. mutans was grown in TSBS and TSB compared to the 0 mg/ml groups (Figs. 1A and 1B) . S. mutans grown in nicotine at 4 mg/ml in TSBS demonstrated the highest value after 24 h. Also, 1 and 2 mg/ml exhibited a significant increase in coaggregation after 24 h (Fig. 1A) . Nicotine at 0.25 mg/ml did not provide a significant change in coaggregation in TSB. Nicotine at 1 and 2 mg/ml increased coaggregation noticeably after 2 h of incubation (Fig. 1B ). There were no differences in the preliminary coaggregation experiment using the visual, microscopic or spectrophotometric analyses between live and dead cells. In addition, nicotine concentrations above 4 mg/ml were not used because higher levels of nicotine significantly inhibited growth of both S. mutans and C. albicans (results not shown).
Microscopic analysis: The number of S. mutans attached to C. albicans increased with increasing nicotine concentrations (0-4 mg/ml) in both TSBS and TSB media ( Fig. 2 and Figs. 3A. and 3B, respectively). S. mutans grown in nicotine at 4 mg/ml in TSBS exhibited a significant increase in coaggregation among all the other groups after 24 h (Fig. 3A) . S. mutans grown in TSBS at 0.5, 1, and 2 mg/ml of nicotine demonstrated an increased coaggregation of S. mutans/C. albicans compared to the 0 mg/ml nicotine group (Fig. 3A) . The 0 nicotine control group grown in TSB demonstrated the least coaggregation after 24 h amongst all groups grown in both media. S. mutans grown in TSB at 4 mg/ml of nicotine provided a significant increase in coaggregation of S. mutans/C. albicans compared to S. mutans grown in the other nicotine concentrations in the same media. In addition, coaggregation increased significantly with S. mutans grown in 1 and 2 mg/ml of nicotine over time (Fig. 3B ).
Spectrophotometer Assay: A lower absorbance in this assay indicated more coaggregation. The absorbance of most samples demonstrated a decrease in absorbance when compared to the 0 nicotine control group (Figs. 4A and 4B ). S. mutans and C. albicans grown in 0.25 mg/ml of nicotine had the lowest absorbance after 24 h of incubation in both TSBS and TSB. S. mutans 10 and C. albicans grown in nicotine at 0.25, 1, and 2 mg/ml in TSBS exhibited absorbances less than the 0 nicotine control group after 24 h of incubation (Fig. 4A ). Nicotine at 4 mg/ml provided the highest absorbance at 0 h of the experiment, andn exhibited a significant decrease compared to the 0 nicotine controls in both TSBS (Fig. 4A) and TSB (Fig. 4B) . Nicotine at 0.25, 0.5, 1, and 2 mg/ml in TSB demonstrated less absorbance compared to the 0 nicotine control group after 24 h of incubation. In general, the absorbance decreased the longer the cells were incubated together.
Overall, the three way ANOVA analysis indicated significant interactions between the concentration of nicotine, the length of time the microorganisms were co-incubated and the presence or absence of sucrose in the S. mutans cultures. As the nicotine concentration and incubation time increased, the amount of coaggregation increased. Furthermore, sucrose
significantly increased coaggregation at all nicotine concentrations and incubation times.
Discussion:
To our knowledge, this is the first study to examine the correlation between growth in nicotine and coaggregation of C. albicans and S. mutans. In the present study, the visual aggregation assay of S. mutans and C. albicans cells grown in 4 mg/ml of nicotine in TSBS illustrated the highest coaggregation compared to the 0 nicotine control group and all other groups. On the other hand, the 0.25 mg/ml nicotine group in TSB did not demonstrate a significant difference and we believe the reason is that the S. mutans cells were grown in sucrose. In the microscopic analysis, the coaggregation of S. mutans with C. albicans was higher when the cells were grown in TSBS and the 4 mg/ml of nicotine-treated group provided the highest value (Fig. 2) . In general, all nicotine treated samples resulted in an increase in both visual aggregation score and microscopic numbers Huang et al. 15 reported that nicotine stimulated planktonic cell Gtfs and Gpb of S. mutans.
GtfB, a streptococcal exoenzyme, adheres effectively to the C. albicans yeast cell surface in an enzymatically active form, converting the C. albicans cells to de facto glucan producers, which contributes to S. mutans coaggregation to the yeast cells and may increase its cariogenicity. 7, 31 The C terminus of GtfB is highly selective and differs from other exoenzymes.
The cell wall of C. albicans is composed of glucan, chitin, and mannan. The selective binding of GtfB and changes in the glucan products suggest highly specific and C terminus-mediated 12 interactions with the cell wall components of C. albicans. 7, 31 Gregoire et al. 31 proposed that the glucans formed on the yeast cell surface by GtfB act as binding sites for S. mutans, forming a bacterial-fungal-EPS complex. They also stated that the glucan presence on the C. albicans cell surface greatly enhanced the adhesive interactions between the two microorganisms. 31 Studies indicated that C. albicans grown with nicotine exhibited an increase in total growth and biofilm formation. 15 Dubois et al. 16 reported that there is an increase in C. albicans growth when grown with nicotine. The total growth of C. albicans was inhibited in 8 mg/ml of nicotine and biofilm formation was enhanced significantly in 4 and 8 mg/ml. 16 The above mentioned reports support our study indicating absorbance, visual aggregation score, and microscopic analysis exhibited increases in coaggregation over time. A model illustrating the coaggregation of the two microorganisms was developed (Fig. 5 ).
Conclusion:
The present study demonstrated the effect of nicotine in increasing the coaggregation of S. mutans and C. albicans. Previous studies indicated that growing C. albicans and S. mutans in nicotine-treated media would increase the growth of each individual microorganism. 15, 16 In addition, reports indicated that nicotine stimulates GtfB, which is a streptococcal exoenzyme that plays a role in the coaggregation process between C. albicans and S. mutans. 7, 15, 16, 31 The previously mentioned studies supports and agrees with the results of our study. Coaggregation was increased with S. mutans grown in nicotine-treated TSBS compared to nicotine-treated TSB, suggesting that growth in sucrose media leads to an increase in receptors such as GtfB responsible for coaggregation. Clinically, this suggests that smokers will have more coaggregation of C. albicans and S. mutans increasing the likelihood of both denture stomatitis and caries. and S. mutans with incubation time (0, 1, 2 and 24 h). In addition, it demonstrates the receptor on S. mutans (GtfB) that may be responsible for attachment to glucan on the C. albicans cell wall.
